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Abstract 

High quality factor dielectric cavities designed to a nanoscale accuracy are mostly used to increase 
the spontaneous emission rate of a single emitter. Here we show that the coupling, at room 
temperature, between thick shell CdSe/CdS nanocrystals and random metallic films offers a very 
promising alternative approach. Optical modes confined at the nanoscale induce strong Purcell 
factors reaching values as high as 60. Moreover the quantum emission properties can be tailored: 
strong antibunching or radiative biexcitonic cascades can be obtained with high photon collection 
efficiency and extremely reduced blinking. 
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Colloidal core-shell nanocrystals (NCs) are very promising emitters for a wide range of ap- 
plications such as quantum information^, optoelectronics^ and biological labeling-. They are 
photostable at room temperature and present high quantum efficiency (QE). Recently, the 
synthesis of novel CdSe/CdS NCs, characterized by a very thick shell, resulted in drastically 
reducing their blinking^i^. 

This result also illustrates a means to modify the fluorescence of a single emitter. Besides 
the modification of the fiuorophore itself, it can be placed in a controlled electromagnetic 
environment. This strategy has been widely implemented using cavities. In particular, 
the spontaneous emission rate can be controlled according to the Purcell approach^, with 
important implications in the field of quantum optics. 

Dielectric cavities with high quality factor Q have been widely investigated^"-. The 
Purcell factor (defined as the increase of the spontaneous decay rate) is proportional to 
Q/V^ where V is the modal volume, when the width of the emitter resonance is much 
smaller than that of the dielectric cavity considered without losses. The optimization of 
optical cavities has consisted in decreasing V and increasing Q. However, when Qe, the 
quality factor of the emitter (Qe = A/ A A where A is the emission wavelength and AA is 
the linewidth) is very much lower than Q, it replaces Q in the Fp formula. Increasing Q 
has thus no more effect. The use of plasmonic structures to obtain a high Fp factor with a 
large bandwidth, is very promising. In this case, the key to high Fp, even if Fp cannot be 
rigorously defined from Q and V^^°, is light confinementr^~— . 

The most common approach to improve cavities has consisted in making well ordered 
structures which require nanoscale engineering^"^. An alternative strategy, based on Ander- 
son localized modes obtained by a controlled disorder in a photonic crystalJ^, resulted in 
simultaneously high Q value and very low V value (~ A'^). With the use of a metallic film, 
the disorder leads to even stronger confinement, at the nanometer scale^^"— . 

Here, we demonstrate the very promising opportunities presented by the coupling of thick 
shell NCs with disordered metallic structures, exhibiting very localized plasmon modes. In 
contrast with many previous experiments-'''^"^^, there is no excitation enhancement near the 
metal film which could contribute to the fiuorescence enhancement. The coupling with the 
metal plasmons is solely due to the QD emission, resulting in Fp values as high as 60. The 
analysis of the photon's time statistics demonstrates that strong antibunching or biexcitonic 
cascades can be achieved. The Auger processes, modified by the CdS's shell thickness, and 
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the acceleration of the radiative processes bring about the strong antibunching or biexcitonic 
cascades. Complete suppression of the blinking is also reported. Finally, it will be shown 
that a very high efficiency of the photon collection is obtained. Up to 37 % (a value twice 
as high as that for a glass coverslip) of the propagative photons emitted during the decay 
processes are collected through the microscope objective. 

The CdSe/CdS NCs (A=660 nm) are composed of a CdSe core (3 nm radius) and a 
giant crystalline shell of CdS (10 nm, rms ~ 1 nm). Their synthesis is described in ref.-. 
In quasi-type II CdSe/CdS NCs, the electron is partially delocalized in the shell. Hence 
Coulomb interactions are reduced resulting in an increase of the lifetimes of Auger processes. 
Since these processes control the quantum properties of the emission, this increase has 
important consequences. In contrast with standard CdSe/ZnS NCs, the fluorescence of 
charged CdSe/CdS NCs is not quenched by the Auger processes. Under low power pulse 
excitation, the probability to generate one electron-hole (e-h) pair per pulse is much higher 
than that to create several. In this case, CdSe/CdS NCs oscillate between two states^^, 
a bright and a grey one. The bright state corresponds to the monoexciton radiatively 
recombined (neutral NC), and the grey state corresponds to the recombination of the trion 
(ionized NC) that occurs with a lower radiative QE (see Supplemental Material). 

The random gold film is prepared just below the percolation thresholc^^ (see supplemental 
material). It is characterized by a wide distribution of plasmon resonances. They cover the 
visible spectrum above 550 nm (see Fig. [2lb). Thus the emission of the NCs is within 
the plasmon resonances^!. In these disordered films, high localization of plasmon modes 
has been identified. The electromagnetic energy is confined in subwavelength-sized regions 
called "hot spots" . A strong enhancement of the intensity has been theoretically predicted 
and experimentally observed^i^. These localized surface plasmons have also recently been 
identified due to the fiuctuations of the local density of optical statesi^. 

The fiuorescence of individual NCs is analyzed with a confocal microscope and a Hanbury- 
Brown and Twiss setup (PDM photodiodes, time resolution = 50 ps, Picoquant Pico- 
IIarp300). A pulsed laser diode (Picoquant, A = 485 nm, pulses duration = 100 ps) provides 
the optical excitation. This setup captures the absolute time of arrival of photons with a 
64 ps accuracy. The time evolution of the intensity, the histogram of the delays between 
photons pairs as well as the photoluminescence (PL) decay can be analyzed. An arbitrary 
range of intensity of the photons can also be selected in order to extract the abovementioned 
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FIG. 1. (a) Fluorescence intensity of a single CdSe/CdS NC on a glass coverslip (tb = 10 ms). The 
background level is 0.3 count per time bin and can be neglected, (b) Histogram of the intensity 
corresponding to (a), (c) PL decay of the bright state (peak B). The red line is a monexponential 
fit (with an offset, lifetime of 75 ns). (d) PL decay of the low emitting periods (bump A). The red 
line is a bi-exponential fit (lifetimes of 69 ns and 12 ns). 

properties for the neutral and ionized states of the NG^^. 

To begin, the emission of individual NCs on a glass coverslip (oil objective, N.A. = 1.4) is 
characterized. As in ref.A-- , a perfect antibunching (see Supplemental Material) was always 
observed confirming that the studied NCs are individual. The radiative lifetime of the bright 
state is found to be around Tref= 75 ns (Fig. [It). The histogram of the intensity shows 
that the occurence of the grey state is very low (Fig. [Tb). A QE of 40 % for the grey state 
is deduced from the relative positions of the A and B bumps in Fig. [Tb (see Supplemental 
Material). The PL decay during grey periods is well adjusted by a bi-exponential. The short 
component provides the trion lifetime (12 ns). The long component of 69 ns is very close to 
Tref- Indeed, due to the finite duration of the time bin (tb), photons emitted during bright 
states contribute to the intensity of low emitting periods. From the method described in^^ 
(see Supplemental Material), the Auger lifetime (~ 20 ns) and the radiative lifetime (~ 30 
ns) of the trion state are deduced. These values are used as references in the following. 

When an emitter is coupled to a metallic structure, radiative and non radiative channels 
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are strongly modified. Their relative importance depends crucially on the distance between 
the fluorophore and the metal. Intensity enhancement as well as quenching is observed^^. 
The distance between the metal and the emitter can be controlled through various ap- 
proaches such as the use of a silica spacer^^ or biomolecules--. A previous study has also 
shown results concerning NCs being deposited on the metal itself^*. However, in our paper, 
the crucial role of a spacer played by the thick shell of the NC is demonstrated. In constrast 
with our previous study^^ concerning CdSe/CdS NCs with a thiner shell (5nm), no silica 
spacer is needed to avoid quenching of the fluorescence. 

The relative part of radiative versus non radiative processes can be studied through the 
collection efficiency of far field photons. Several references are needed to determine these 
fundemental parameters. The emission of individual NCs on a glass coverslip is collected 
through an air objective (N.A. = 0.95, always used in the following experiments). At sat- 
uration, the bright states correspond to a single photon emission. The collection efficiency 
is then equal to 0.4 % i.e. 0.4 % of the laser pulses generate a photon that is detected 
by the optical setup. Considering the transmission (2 %) of the optical setup excluding 
the objective, a collection efficiency of about 20 % of the air objective is calculated. This 
value is consistent with theoretical predictions^!. In the following, the pump power is set 
to the value fi corresponding to a fluorescence intensity ten times lower than the intensity 
at saturation. The probability to excite several e-h pairs by one pulse is very low. The 
probability P{n) to generate n e-h pairs per pulse follows a Poissonian statistical^, and thus 
P{n) = 1]"' exp{—ri)/n\ {t] is the average of the distribution), rj = 10.5 %, -P(l) = 9.5 % 
and P(2) = 0.5 % are deduced from the value YIT ^i^) ~ 10%. The probability to excite 
several e-h pairs is about 20 times lower than the probability to excite one. This probability 
is not modifled by the random gold fllm. Indeed, the reflectivity of the fllm at the laser 
wavelength is very low (13 %, see Fig. Elb). No plasmon resonances are excited and the 
fluctuations of the near-fleld intensity at 485 nm are lower than 10 The excitation 

power does not depend on the NC position and is assumed to be equal to that of the glass 
coverslip. This property is a key point since it enables us to control the pump power and to 
make a precise assessment of the collected photons under pulsed excitation. Moreover, the 
fluorescence enhancement described below is solely due to the coupling of the NC emission 
with the gold fllm and is not obtained, even partially, through excitation enhancement as 
described in many works^^"— . 
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FIG. 2. (a) Sketch of NCs deposited on the semicontinuous gold film. The topography of the 
gold film has been realized with an AFM. NCs are represented to scale, (b) Absorbance, (A), 
transmittance (T) and reflectance (R) of the random gold film. The laser diode wavelength (Laser) 
is represented as well as the NCs photoluminescence (NCs). (c) PL decay of three NCs illustrat- 
ing the range of decay rates. The PL decay of NCfast is very fast. NCint corresponds to an 
intermediate case. For the NC labeled NCsloWi the decay is relatively slow. 

The fluorescence of NCs directly deposited on the metal film will be now investigated. 
A drastic modification in the decrease of the NCs PL is reported. For more than 50 NCs, 
the PL decay at 1/e ranges from 0.8 to 2.9 ns. When compared to Tref, these very low 
values show a strong Purcell effect. Fig. |2Jb represents the results corresponding to 3 NCs. 
The NC labeled NCfast is a typical NC with a very fast decay (~ 0.8 ns) while the NC 
labeled NCslow is representative of NCs with a relatively slow decay (~ 2.9 ns). NCint 
represents an intermediate case. The large dispersion in the decay rates that is observed 
can be attributed to the random spatial localization of the plasmons on the disordered gold 
filn>2i. This dispersion has already been observed for NCs deposited on such films covered 
with a 30 nm silica spacer—. 

The histogram of the delays between photons is also strongly modified. For NCfast 
(Fig. 3a), the peak at zero delay has the same areas as the other ones (large fluctuations 
are observed in the peak heights but not in the peak areas). This NC is no more a single 
photon emitter. The biexcitonic state recombines radiatively. Bearing in mind that, due 
to low pumping, multiexcitonic states of higher order can be neglected. The radiative 
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FIG. 3. Coincidence counts for NCfast (a) and NCslow (b)- 



recombinations are drastically accelerated being faster than the Auger ones. 

As stated before, the pump power fi corresponds to a low probability to create several 
e-h pairs. However, the peak at zero delay has the same area as the other ones. This can 
be deduced from the Poissonian statistics followed by P{n). Since r] = 0.105 ^ 1, P(n) 
can be approximated by P{n) = ri"'/n\, leading to -P(l) = rj and P{2) = rf/^. Radiative 
recombination of all pairs is assumed. The peak at zero delay corresponds to the probability 
to detect two photons emitted by the NC after a single laser pulse. This area is proportional 
to P(2)/2 = rf /A (the divider 2 accounts for the Hanbury-Brown and Twiss setup). At low 
excitation, the peak at the delay T (T 7^ 0) corresponds to the probability to detect two 
photons generated by two pulses separated by T. This area is proportional to P(l)/2 x 
P(l)/2 = rf /A. Despite the weak probability to create two e-h pairs (P(2)/P(l) = 20), the 
peak at zero delay has the same area as the other ones. For NCfast, the probability that the 
biexciton recombination leads to the collection of two photons is the same as the probability 
that the monoexciton recombination induces the collection of one photon. In addition to the 
Auger processes suppression. Fig. [3^ shows that the biexcitonic and monoexcitonic states 
are equally coupled to the gold film. This is due to the spectral width of a plasmon mode 
(> 30 nm^^) that is much larger than the total linewidth of the NC emission (15 nm). In 
the case of NCfast, biexcitonic cascades are observed. 

In strong contrast, the peak at zero delay for NCslow is smaller than the other ones (Fig. 
[3b). Auger processes dominate radiative ones. Strong antibunching (64 %) is observed. 

Fig. Hlpresents the fluorescence intensity of NCfast and NCslow and the histogram of the 
intensity. For a NC on a glass coverslip, the histogram shows two states corresponding to the 
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FIG. 4. (a) Fluorescence intensity of NCfast {tb = 10 ms). (b) Histogram of the intensity corre- 
sponding to (a). The dots are the experimental results. The red line is a Poissonian distribution 
fit (mean value of 47) . (c) PL decay of NCfast • The red line is a bi-exponential fit (lifetimes of 
0.49 ns and 1.28 ns). (d) Fluorescence intensity of NCslow (4 = 2.5 ms). (e) Histogram of the 
intensity corresponding to (d). The dots are the experimental results. The red line is a Poissonian 
distribution fit (mean value of 37). (f) PL decay of NCslow- The red line is a bi-exponential fit 
(lifetimes of 0.9 ns and 5.49 ns). 

grey and bright ones (Fig. Wp)- On the random gold film, the shape of the curve is modified. 
Moreover, for NCfast, no blinking nor grey states are observed, in contrast with the results 
presented ii^ where a silica spacer is used. More quantitatively, the histogram of the 
intensity is very well adjusted by a Poissonian distribution. The NCfast no longer oscillates 
between the two states, each of different QE. Two explanations are possible. Firstly, the 
radiative recombinations have become faster than the Auger recombination and the QE of 
the trion state is equal to that of the neutral state. Secondly, NCfast has exchanged an 
electron with the metallic surface and remains ionized. The emission is always due to the 
trion recombination and is associated to only one state. 

The histogram of the intensity for NCslow (Fig- life), is no more well fitted by a Poissonian 
distribution. The QE of ionized and neutral states are similar but not equal. Radiative 
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processes are slower and the Auger recombination is sometimes faster than the radiative 
ones. The trion has a lower QE than the neutral exciton. The fit of the PL decays for 
NCpAST and NCslow (Fig- lit and Fig. Hf) reinforces the interpretation assuming two 
states. For a minimum of two decades, the PL decay of the two NCs is very well fitted by 
a bi-exponential curve. These decay rates can be interpreted as the rates of the neutral and 
ionized states. In addition, the blinking of the QDs emission is suppressed, but for reasons 
fundamentally different than the one evocated in^^. Here, we are using thick shell QDs that 
have strongly suppressed Auger recombination^^. Radiative lifetimes shorter than the auger 
recombination implies that QDs will be bright even if charged. This result is completely 
different from the assumption that the blinking is suppressed because the QDs are still in 
neutral state^^. 

The Fp factor for the neutral state can also be calculated from these decay rates. Fp is 
defined as T^eflTh (1/t6 is the total decay rate of the bright state, that includes the radiative 
and non radiative contributions}^. For NCslow 5 a Fp factor of 14 is calculated while, for 
NCfast, Fp can be as high as 60. These values demonstrate the dramatic increase of the 
decay rate of the monoexcitonic state. This increase could mainly correspond to the opening 
of non radiative channels. The energy would be transferred to the gold film and dissipated, 
resulting in a strong quenching of the NCs' fluorescence. On the contrary, the following 
results concerning the collection efficiency will show that plasmons are effectively coupled 
to the far field by the film structure. 

The relative part of the radiative versus non radiative processes leading to the desexci- 
tation of the monoexcitonic state are determined by studying the photon collection. Values 
of 4.7 kHz for NCfast and 14.8 kHz for NCslow are deduced from the intensity histograms 
(pulse repetition rate = 20 MHz). For a NC on a glass coverslip, the intensity is 2 kHz 
(laser repetition rate = 5 MHz) and corresponds to a collection efficiency of the objective 
of 20 %. Since the probability to excite the NC per pulse is equal in both configurations, 
a precise assessment of photons collected can be made. The total decay rate fc„ is the 
sum of krad,coU and kother {Kad,coii IS the decay rate corresponding to photons emitted in 
the far field and collected by the objective, kother is the decay rate corresponding to other 
processes - non-collected photons, non-radiative processes, non-scattered plasmons). The 
probability to excite the NC (10 %), the repetition rate (20 MHz) and the total optical 
transmission (2 %) excluding the objective, give the percentage of collected photons. Due 
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to low power excitation, the probability to generate two photons by one pulse is negligible 
(even in the case of NCfast)- For NCslow, the percentage of photons collected is equal to 
37 % (14.8 X 107(20 X 10^ x 0.02 x 0.1)). For NCfast, the result is 12 %. These values are 
of the order or higher than in the case of a glass coverslip. 

Each decay rate for a NC deposited on a glass coverslip or on a random gold film (Tab. [I]) is 
deduced from the total decay rate /c„ and from the fraction of photons collected krad,coii/kn- 
The results of Tab. [T] show that a large number of radiative channels are opened by the 
coupling of NCs on gold film. This number largely exceeds the number of radiative channels 
for a NC on a glass coverslip. As for the total decay rate, the number of opened radiative 
channels depends on the position of the NC. The percentage of photons collected appears 
to be correlated to the decay rate: the increase of coupling of NCs on gold film induces a 
decrease in the percentage of photons collected. However, the emission of NCs can never be 
quenched, thus it can be assumed that the giant shell acts as a spacer. The shell (thickness = 
10 nm) is thick enough to avoid quenching as theoretically predictedr^^. A non quenching 
quality is another crucial characteristic of these NCs. 
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TABLE I. PL lifetime and decay rates of the 3 NCs corresponding to Fig. [2j The line "Reference" 
corresponds to the mean results obtained for NCs deposited on a glass coverslip. 

In conclusion, the fluorescence of giant shell CdSe/CdS NCs directly deposited on a 
random gold film has been studied in detail. The "hot spots", generated by the disorder, 
induce strong Purcell effects which results in an almost complete suppression of blinking. 
The quantum properties of the emission are determined by the strength of the NC/random 
film coupling. Strong antibunching or biexcitonic radiative cascades are observed with a 
very large collection efficiency. In the field of quantum plasmonics, this paper highlights the 
great interest of coupling thick shell NCs with metallic structures. 
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I. FLUORESCENCE PROPERTIES OF THE CDSE/CDS NCS DEPOSITED ON 
A GLASS COVERSLIP 



The very thick shell NCs used in the experiments were synthesized and characterized in 
detail by the authors. Their structural and optical properties are very well controlled. At 
the pump rate used in the experiments, single photon emission is always observed when NCs 
are deposited on a glass coverslip (see Fig. [1]). 
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FIG. 1. Coincidence counts for a typical NC deposited on a glass coverslip. 



Their fluorescence alternate between two states. The bright state corresponds to a neutral 
NC (Fig. [2]). In this case, the monoexcitonic state always recombines radiatively . As for 
standard CdSe/ZnS NCs"*^, the QE efficiency of the bright state of CdSe/CdS NCs has been 
measured very close to unity^. Its radiative lifetime r^e/ is around 75 ns (Fig. Ic of the 
article). 

Bright state (neutral NC) 

hv 




T = 75 ns 

ref 



FIG. 2. Schematic representation of the bright state 



The grey state was attributed to the ionized state of the NC. In quasi-type II CdSe/CdS 



NCs, the hole is confined in the core. In contrast, the electron is delocalized in the whole 
structure due to relative positions of CdSe and CdS conduction bands. For the trion state, 
two recombination processes have to be considered: an electron hole-pair can recombine ra- 
diatively (rate Kad) or through an Auger process (rate /c^)? the energy being then transfered 
to the remaining charge (Fig. E]). Indeed ionization of the NC does not modify its close 
environment and does not create new non radiative pathways except the Auger one. The 
total desexcitation rate k is the sum k^ad + and corresponds to the short component of 
the total PL decay (12 ns). 




FIG. 3. Schematic representation of the grey state 



Following the method of^, from the histogram of the intensity (Fig l.b of the manuscript), 
the QE of the trion state Q = Kad/ {Kad+kAj can be deduced. It is equal to the ratio between 
the intensities of the grey and bright states which are given by the relative positions of bumps 
A (28 counts / 10 ms) and B (68 counts / 10 ms) in Fig l.b. Since the QE of the bright 
state is close to 100 %, the QE of the grey state is about 40 %. 

From Q = Kad/ikrad + kji) = 40 % and k = krad + kA = 1/12 ns~^, a straightforward 
calculation gives k^ad = 1/30 ns~^ and A;^ = V^O ns~^. 

II. PROPERTIES OF THE RANDOM GOLD FILM 

Au films characteristics depend strongly on the experimental conditions and the sub- 
strate. However, the metallic structure used in the experiments is a random gold film at 
the percolation threshold deposited on a glass coverslip. It is realized by the authors and 
studied in detail by several groups including ours (~"~). It is prepared by evaporation under 
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vacuum (10~^ torr). The mass thickness is 61 A. A typical AFM image is shown in Fig. 
2. a of the paper. Its optical properties are very well known. In particular, the disorder is 
at the origin of the strong enhancement of the electromagnetic field in subwavelength-sized 
regions. The corresponding plasmon resonances cover the visible range above 550 nm as 
shown by the absorption spectra of Fig. 2.b. This figure also illustrates the originality of 
our approach: the excitation (A = 485 nm) cannot be enhanced by the excitation of plasmons 
of the random gold film. Only the NCs emission is coupled to plasmon resonances of the 
gold structure. The properties of the metaUic structure as well as those of the nanocrystals 
have been mastered in this work. 
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